Starting in 1971, stream flow and climatologic data have been collected in the Goodwater Creek Experimental Watershed, which is part of the Central Mississippi River Basin (CMRB) Long-Term Agroecosystem Research (LTAR) site. Since 1992, water quality and socio-economic data have complemented these data sets. Previous modeling efforts highlighted the challenges created by the presence of a claypan. Specific changes were introduced in the Soil and Water Assessment Tool (SWAT) (i) to better simulate percolation through and saturation above the claypan and (ii) to simulate the spatial and temporal distributions of the timing of field operations throughout the watershed. Our objectives were to document the changes introduced into the code, demonstrate that these changes improved simulation results, describe the model's parameterization, calibration, and validation, and assess atrazine [6-chloro-N-ethyl-N¢-(1-methylethyl)-1,3,5-triazine-2,4-diamine] management practices in the hydrologic context of claypan soils. Model calibration was achieved for 1993 to 2010 at a daily time step for flow and at a monthly time step for water quality constituents. The new percolation routines ensured correct balance between surface runoff and groundwater. The temporal heterogeneity of atrazine application ensured the correct frequency of daily atrazine loads. Atrazine incorporation by field cultivation resulted in a 17% simulated reduction in atrazine load without a significant increase in sediment yields. Reduced atrazine rates produced proportional reductions in simulated atrazine transport. The model can be used to estimate the impact of other drivers, e.g., changing aspects of climate, land use, cropping systems, tillage, or management practices, in this context.
H uman activities and watershed hydrology are inherently linked, with hydrology being impacted by agricultural intensity and practices and by urban development, for example, and human activities being also affected by weather, water flow, and water quality. Hydrologic models are useful to synthesize and link physical, chemical, and social information about a watershed. Water quality data analyses alone have been used to identify past changes in water quality caused by a known change in land management (Inamdar et al., 2001 ) and whether trends exist or not (Richards and Grabow, 2003; Sprague and Gronberg, 2012) . Multiple regression, paired statistical tests, or multivariate analysis of water quality data in combination with other variables such as farm practices (Bishop et al., 2005) , stream conservation practices (Brooks et al., 2010) , or precipitation (Sprague et al., 2006) have been used to explain trends and sudden changes. On the other hand, models are useful to predict the effects of alternative land use, land management, and climate scenarios, as shown by multiple studies (Bracmort et al., 2006; Thomas et al., 2007; Chaubey et al., 2010; Lee et al., 2010; Rousseau et al., 2012) . In some cases, they have also been used to identify factors that explain changes in water flow and quality (Alexander et al., 2008) or to demonstrate the effects of past changes in the landscape (Park et al., 1994; Santhi et al., 2006; Gitau et al., 2010; Wang et al., 2011) . In these cases, models validated the understanding of the processes that led to the observed water quantity and quality.
Unique systems are challenging for models that seek wide applicability because the traditional algorithms may not be valid. Claypan soils are unique because of their low percolation and high runoff potential. Claypan soils are defined by a naturally occurring, subsurface argillic clay layer with an abrupt increase in clay content, from 15 to 30% in the topsoil to 50 to 60% in the clay layer (Soil Science Glossary Terms Committee, 2008) . Additionally, the claypan has a very low saturated hydraulic conductivity when wet, but cracks form during extensive dry periods and allow subsequent runoff to infiltrate throughout the soil profile and recharge the aquifer. This very low saturated hydraulic conductivity (<1 mm h −1 ) prevents downward drainage during saturation periods: winter and spring periods and wetter than average growing seasons. On flat or gentle slopes, this results in a perched water table and high surface runoff. Subsurface flow occurs where the slope is greater. These soils cover 4 million ha in Missouri, Iowa, and Illinois in the Central Claypan Areas, Major Land Resource Area (MLRA) 113 and in Kansas (Zeimen et al., 2006) and Oklahoma (Kelly and Pomes, 1998) . Claypan soils also exist in east-central Texas in the Texas Claypan Area, MLRA 87. Claypan hydrology represents extreme conditions in terms of runoff potential and the associated transport of pollutants (Buckley et al., 2010; Lerch et al., 2011) and causes specific agricultural challenges because of minimal percolation and perched water during the wetter months. In addition, the ability to use artificial drainage is limited because the shallow depth of the clay layer imposes close drain spacing to obtain adequate field conditions (Mostaghimi et al., 1989) . The Goodwater Creek Experimental Watershed (GCEW) (Fig. 1 ) was established in the early 1970s for the purpose of studying claypan hydrology at the watershed scale. Sadler et al. (2015a) provided the general context for GCEW and its research infrastructure. Additional studies have described the flow data collected since 1971 (Baffaut et al., 2015) , sediment data (Baffaut et al., 2013) , water quality data collected since 1992 (Lerch et al., 2015b (Lerch et al., , 2015c , and associated weather data . Previous efforts have attempted to simulate runoff and pollutant transport in the context of restrictive layers. In GCEW, early models of overland flow (Wang and Hjelmfelt, 1998; Hjelmfelt and Wang, 1999) and infiltration (Ghidey et al., 1999) using the Root Zone Water Quality Model (RZWQM; Watts et al., 1999) were developed. Mudgal et al. (2012) simulated flow, atrazine [6-chloro-N-ethyl-N¢-(1-methylethyl)-1,3,5-triazine-2,4-diamine] , and sediment transport from a field in GCEW using the Agricultural Policy Environmental eXtender (APEX; Gassman et al., 2010) . They showed that depth to claypan and hydraulic conductivity were critical parameters to predict pollutant transport. In southeastern Kansas, which is also characterized by claypan soils, Anand et al. (2007) and Maski et al. (2008) found that the Soil and Water Assessment Tool (SWAT; Gassman et al., 2007) required curve numbers higher than the recommended values corresponding to hydrologic soil group, soil cover, and management. Similarly, Ghidey et al. (2005) experienced difficulties with simulating flows in GCEW with earlier SWAT versions. Comparisons of annual and monthly simulated and measured stream flow at the outlet of the watershed were acceptable, but daily simulation results were poor and groundwater/surface flow ratios were too high, indicating that the model was simulating insufficient surface runoff, too much infiltration, and too much groundwater flow. Soils with restrictive layers caused problems for other researchers using SWAT as well. Saleh et al. (2009) reported difficulties in simulating the hydrology of a watershed with hardpan soils, a different type of restrictive layer than a claypan, but one that still severely reduces percolation. To address this hardpan, an impermeable layer was introduced at the bottom of the soil profile. While suitable for their watershed in California, which was characterized by intermittent flows, an impermeable layer is not suitable for GCEW and other watersheds in the Central Claypan Areas, where a small base flow exists at most times. Thus the shallow aquifer contributes to stream flow and is necessarily recharged. With claypan soils in >90% of the watershed, an impermeable layer would not let enough water percolate through the soil profile to the aquifer, and in time, would reduce base flow to zero. Thus, modifications of the SWAT percolation algorithm were necessary to improve the simulation of limited percolation and a perched water table during wet weather, as well as the existence of preferential flow during events that follow dry conditions.
In addition to the challenges caused by the presence of claypan soils, the correct simulation of pollutant transport out of a watershed is often hindered by the lack of knowledge about the spatial and temporal distribution of agricultural field operations across that watershed. The timing of farming operations affects flow and constituent loads by altering the temporal and spatial distribution of physical, chemical, and biological processes such as plant growth, chemical adsorption to soil particles, and constituent degradation. Precipitation and temperature variability affect annual, seasonal, and monthly flow and constituent loads by causing variations in runoff and evaporation but also by altering the timing of farming operations in their relation to calendar dates and in relation to the occurrence of major runoff events. Previous studies have established that the correct timing of herbicide applications is critical in simulating herbicide transport and concentrations (Neitsch et al., 2002; Heathman et al., 2008) . O'Donnell (2010) demonstrated that timing was also critical for estimating nutrient losses in a SWAT model of GCEW developed with SWAT2005. They manually specified field operation dates for each year of the simulation, distributing those spatially and temporally across the watershed and from year to year. In SWAT, heat units are available to incorporate the annual and spatial variability of temperatures into the determination of operation timing. Heat units can be compared with degree days relative to either 0°C or a crop-specific base temperature. However, heat units alone do not account for other factors that affect the timing of field operations, e.g., soil moisture or labor constraints. As an alternative, Larose et al. (2007) used seasonal progress reports of crop development to schedule herbicide application dates before, during, and after planting as specified by the surveyed operators. In GCEW, Lerch et al. (2011) and Sadler et al. (2014) demonstrated that planting progress reports could be effectively used as a surrogate for the timing factor in atrazine transport. In this study, we propose to combine the use of heat units and planting progress reports to schedule all field operations.
The objectives of this study were to document the changes introduced into the SWAT code, to demonstrate that these changes led to improved simulation results in GCEW, to describe the model's parameterization, calibration, and validation, and to evaluate the effectiveness of selected management practices in the hydrologic context of claypan soils.
Materials and Methods

The SWAT Model
SWAT is a daily time step, hydrologic simulation model that simulates the impacts of climate, land use, and land management in a watershed, which is usually divided into several subbasins. It provides flexibility to define weather, soils, topography, land cover, and management practices on different subareas of the simulated watershed and routes runoff, sediments, nutrients, and herbicides or pesticides within and from fields across complex landscapes . SWAT has been applied at scales ranging from small watersheds to large river basins (Gassman et al., 2007) . However, SWAT is particularly appropriate for larger watersheds because areas of similar slope, land use, and soil within a subbasin are lumped together into hydrologic response units (HRUs). While these HRUs are not spatially located, this approximation reduces the number of areas on which to perform the calculations while still allowing small, yet unique HRUs in the model. Arnold et al. (2011) and Neitsch et al. (2011) described the theoretical principles embedded in SWAT. The water balance is calculated at a daily time step on each elementary unit of the watershed by estimating the surface runoff, percolation, soil water content, evapotranspiration, and subsurface flow. Of the several options available to estimate surface runoff, we selected the NRCS curve number method (Williams et al., 2012) in which the curve number is adjusted daily as a function of soil moisture. Crack flow was used to simulate the opening and closing of preferential flow paths as the smectitic clays shrink during dry weather and swell when wet . Potential crack volume, i.e., the maximum crack volume expressed as a fraction of the total soil volume, was initially set at 0.5 and calibrated. Flow routing in the stream reach was calculated by the Muskingum method (Cunge, 1969) , and both channel degradation and stream water quality processes were activated. Although the availability of relative humidity, wind speed, and solar radiation since 1993 would have allowed the use of the Penman-Monteith equation ( Jensen et al., 1990) to simulate evapotranspiration, these data were not available before 1993. To accommodate future use of the model across the complete flow monitoring period, 1971 to 2010, evapotranspiration was simulated with the Hargreaves equation (Hargreaves et al., 1985) .
Percolation through the Soil Profile
Current simulation procedures in SWAT calculate soil water percolation from one soil layer to the next using a storage routing method. Percolation occurs when the soil water content of a layer exceeds field capacity and the underlying layer is not frozen. The amount of excess water in a layer that percolates to the next layer is calculated as 
where W perc,y is the amount of water percolating from the yth layer to the underlying layer on a given day (mm), SW excess,y is the amount of water in excess of field capacity in the yth layer on that day, Dt is the length of the time step (h), here 24 h, and TT perc,y is the travel time through the yth layer (h). That travel time is calculated as )
where K sat,y is the saturated hydraulic conductivity of the yth layer, and SAT y and FC y are the saturation and field capacity water contents of the yth layer, respectively. SWAT was developed with the assumption that once water has traveled through a layer, it enters the one below unless that layer is frozen or is an impervious layer. If an impervious layer is located below the soil profile, percolation out of the soil profile is reduced and water is redistributed upward. As shown by Eq.
[2], the travel time is a function of the characteristics of the layer under consideration. It is not affected by the characteristics of the underlying layer. In fact, the clay layer offers resistance to flow and prevents water from entering subsoil layers at the rate water travels through the overlaying layer. To incorporate this point, we replaced the hydraulic conductivity of the overlying layer in Eq.
[2] with the effective hydraulic conductivity ( Jury et al., 1991; BlancoCanqui et al., 2002 ) of the two layers, i.e., the saturated hydraulic conductivity of a layer that would be equivalent to these two layers for the purpose of calculating the downward water flux. The effective hydraulic conductivity (K eff,1,2 ) of two layers having hydraulic conductivities K 1 and K 2 and depths d 1 and d 2 is
and Eq.
[2] is replaced by
Thus the downward flux from a layer to one with a hydraulic conductivity several orders of magnitude lower is considerably reduced and water is allowed to build up in the soil profile above the restrictive layer. In addition, any water that is in excess of the saturation capacity of the layer overlying the claypan that cannot percolate or flow laterally is allocated to higher layers, eventually resulting in saturation and overland flow. The concept of water buildup and upward redistribution already existed in SWAT but only from the bottom layer of the soil profile when that layer reached saturation because of an impervious layer located below . The formulation proposed here is suited to soil profiles that have a restrictive layer such as a claypan, for which the saturation needs to be simulated from the top of that layer, in the middle of the soil profile, and redistributed upward.
Scheduling of Field Operations Using Planting Progress Reports
The new methodology implemented within SWAT relies on timing field operations based on heat units and on planting progress reports. In the United States, planting progress data for major field crops are collected at the agricultural district level by the National Agricultural Statistics Service (NASS). State level data are available on line (National Agricultural Statistics Service, 1979 Service, -2014 and agricultural district level data are available by contacting the state NASS office. At the beginning of a simulation, the program calculates the total area planted to each crop. When a planting operation is scheduled to take place in an HRU, i.e., when enough heat units have accumulated, the program compares the area already planted with that crop with the planting progress at that time of the year and only performs the planting operation if additional acreage needs to be planted to match that record. Thus it allows different HRUs with identical management to be planted on different dates based on the planting progress report. The order in which HRUs are processed in the model controls which HRUs are planted first. All the operations occurring between planting and harvest are then scheduled in relation to the planting date and the heat units accumulated. Operations scheduled between harvest and planting were based only on heat units.
Data Used for Parameterization and Calibration
The GCEW covers 73 km 2 of relatively flat corn (Zea mays
, and wheat (Triticum aestivum L.) fields, along with pastures and some woodland, about 45 km north of Columbia, MO, in Audrain and northeastern Boone counties ( Fig. 1) . Goodwater Creek is a tributary of Young's Creek, with a 14-digit hydrologic unit code of 07110006030001, which is part of the Salt River Basin and drains to Mark Twain Lake, an artificial lake used for recreational purposes and the public drinking water supply for approximately 42,000 people. The GCEW includes part of Centralia, a small town (population 3700) located at the southern end of the watershed. The GCEW lies within Major Land Resource Area 113, the Central Claypan Areas, which covers nearly 30,000 km 2 in northeastern Missouri and southern Illinois (Fig. 1 ). In the GCEW, erosion has resulted in cultivated slopes being degraded: overall, the depth to claypan varies from the surface to 60 cm.
Data used for parameterizing and calibrating the model are described in other articles in this series. Sadler et al. (2015b) described the network of nine precipitation gauges and one weather station established in 1971, which provided daily temperature extremes and breakpoint precipitation throughout the watershed. In 1993, a fully automated weather station provided additional weather variables including relative humidity, solar radiation, and wind speed. Baffaut et al. (2015) described the equipment, infrastructure, and available data from three flow stations installed in 1972, providing 5-or 15-min flow data aggregated to daily values for three nested watersheds in GCEW (Fig. 1) . Out of these, two were stopped in 1997 and 2002 and the most downstream one, Weir 1, has remained active to the present. Suspended sediment, herbicides, and dissolved nutrients were monitored at these stations starting in 1993 using flow-proportioned autosamplers and weekly grab samples, from which loads were calculated (Baffaut et al., 2013; Lerch et al., 2015b Lerch et al., , 2015c ) and aggregated at daily, monthly, and annual time steps. Thus daily flow data and constituent loads were available at the most upstream gauge, Weir 11, from 1993 to 2002, at Weir 9 in the middle of the watershed from 1993 to 1997, and at Weir 1 from 1993 to present.
Soils and land use were derived from spatial data layers produced by the NRCS, the Missouri Resources Assessment Partnership, and from locally obtained data . Land use and land management are both variable for any period because of producers' and landowners' individual decisions based on weather, agricultural policy, economic factors, conservation needs, and personal circumstances. Detailed annual land cover information from 1990 to 1993 (Heidenreich and Vance, 1994) , using data collected by the Farm Service Agency, revealed the large diversity of crop rotations used in each field during these 4 yr: rotations were numerous, fields were subdivided or merged from 1 yr to the next, and while corn, soybean, sorghum, and wheat were the major crops, no main rotation could be defined. While the rotation that covered the most acreage included corn and soybean in equal proportions, this was not a "dominant" rotation because it concerned only 3% of the reported crop acreage. Other rotations included 1 yr of corn between 2 or 3 yr of soybean or vice versa. The SWAT model was parameterized and calibrated using the Missouri Resource Assessment Partnership (1993 Partnership ( , 2005 land use spatial layer for land use distribution across the watershed and the National Agricultural Statistics Service's Cropland Data Layer (CDL) (National Agricultural Statistics Service, 2010) for row crop distribution. The crop distribution in the watershed was represented by dividing the crop land according to the average crop distribution and assuming no crop rotation in each field. Initial sensitivity analyses showed that flow and erosion results were sensitive to the relative fractions of the watershed in each individual crop and associated tillage system but not to the rotation used. Thus, individual crop acreages were calculated as a percentage of row crop acreage based on the CDL from 2005 to 2010 following the procedures of Sadler et al. (2014) . In addition, tillage data from the Conservation Technology Information Center (www. ctic.purdue.edu) were utilized to subdivide each crop into that grown using conventional tillage, mulch-tillage, and no-till methods. This methodology ensures compatibility of the data used to parameterize the current SWAT model for GCEW and future models for other Mark Twain Lake tributaries for which no other crop or tillage data were available. Additional sensitivity analyses were conducted with this model to fully assess the role of crop rotations in estimating sediment, nutrient, and pesticide transport from the watershed. Sadler et al. (2015a) described the digital elevation model (DEM) produced by the USGS. The DEM used for the SWAT model subbasins and stream delineation is from the 1/3¢ (?10 m) National Elevation Dataset, originally published by USGS and downloaded in 2008 what is now the National Map Viewer (http://viewer.nationalmap.gov/viewer/).
Management information included specification of tillage frequency and implements, fertilization rates and timing, and herbicide rates and timing. Tillage operations for each crop were derived from information collected during surveys of watershed farm operators, the results of which are described in Supplement 1. Corn was simulated with one of three possible tillage systemsconventional tillage, i.e., using a disk plow; mulch tillage; or no-till-with the majority of the corn acreage in a conventional system. Soybean was simulated with one of two possible tillage systems-mulch tillage or no-till-and sorghum was simulated with conventional tillage. Fertilizer rates were based on average rates from producers interviewed during the surveys. Pesticide rates were based on labels. Complete field operation scenarios are provided in Supplemental Table S1 in Supplement 2.
Watershed Discretization
The watershed's subbasins were delineated using the ArcSWAT interface based on topography and the locations of monitoring stations. Seven subbasins of around 10 km 2 were created based on topography. Hydrologic representative units were defined by overlaying slope, soil, and land use layers and eliminating land uses that covered <10% of a subbasin, soils that covered <20% of a given land use within a subbasin, and slopes that covered <25% of a soil within a subbasin. The land area corresponding to these eliminated land uses, soils, or slopes was redistributed among the remaining combinations according to their relative size. Residential areas were excluded from that elimination and redistribution process because their contribution was thought to be important even if they covered only a small fraction of a subbasin. Through that process, the overall percentage of the most important combinations was slightly increased, while the overall percentage of minor combinations was decreased (Supplemental Table S2 in Supplement 2). Overall, these changes produced values within the ranges found in the available land use and crop distribution data presented by Sadler et al. (2015a) . The cropland HRUs were then subdivided to represent the crop distribution and tillage in Audrain County, as explained above. Grassland was subdivided into pasture, hay, and Conservation Reserve Program land. This process resulted in 183 HRUs across the watershed.
Sensitivity Analysis, Calibration, and Validation
Several sensitivity analyses have been conducted on previous models of subwatersheds and fields within GCEW. Mudgal et al. (2010 Mudgal et al. ( , 2012 identified parameters to which APEX-predicted flow and atrazine loss were sensitive: the curve number and associated parameters, soil hydraulic conductivity, depth to claypan, and evapotranspiration-related parameters for runoff, and the pesticide loss coefficient and pesticide half-life in soils for atrazine loss. While there are differences in process equations as well as in parameterization between SWAT and APEX, the technology embedded in these two models is similar. Thus, we expect that parameters identified as sensitive for the APEX model in a field of the watershed will also be sensitive for the SWAT model of the watershed. Sensitivity analysis of SWAT was conducted for stream flows at Weir 11, the most upstream weir, using the Latin hypercube and one-factor-at-a-time (OAT) sampling method (van Griensven et al., 2006) integrated in the ArcSWAT interface (version 2009 93.3). The most common parameters affecting runoff generation, which are flow routing, groundwater flow, and snowmelt, as summarized by Arnold et al. (2012) , were considered in this sensitivity analysis.
SWAT2009 Revision 414 with the changes outlined above was calibrated manually with the parameters identified during sensitivity analysis. Model hydrologic performance was assessed with several objective quantitative criteria, namely that the bias, i.e., the difference between measured and simulated values relative to the measured amount, be less than ±15% for flow, ±40% for sediments, and ±30% for atrazine and dissolved nutrients; that the Nash-Sutcliffe efficiency (NSE) be >0.5; and that the coefficient of determination be >0.6. These criteria were selected as equal to or more stringent than those recommended by Moriasi et al. (2007) . Model performance was assessed for total flow and pollutant loads. In addition, the ratio of groundwater to total flow was verified to be within 5% of the value obtained by flow hydrograph separation using the stream flow Hydrograph Separation program (HYSEP; Sloto and Crouse, 1996) . The model was first calibrated using Weir 1 (watershed outlet) data from 1993 to 2001 and validated with data from 2002 to 2010. Calibration was conducted by manually adjusting the parameters one at a time until the model performance criteria reached the stated goals. It was further validated with data from Weir 9 (1993 Weir 9 ( -1997 and Weir 11 (1993 Weir 11 ( -2002 Weir 11 ( for flow, 1993 Weir 11 ( -1997 for pollutant transport). Flow and pollutant export from HRUs were compared with field data and published values. Finally, crop yields were verified to be within 10% of reported values during the calibration and validation periods for the four crops simulated as well as for hay. Crop yields for Audrain County from 1993 to 2010 (National Agricultural Statistics Service, 1993 were converted to a dry matter basis, the unit in which crop yields are expressed within SWAT, and compared with average annual crop yields for the watershed.
Some concentration values were missing in the data record for a variety of reasons: sampler failure, lost sample, discarded value, and low volume of water in the sample. Sediment concentrations in particular included missing values because the analysis method required a volume of water larger than was available in samples collected during small events or at the end of an event (Baffaut et al., 2013) . For sediment, missing samples represented 25% of the autosamples collected. For other constituents, they were <10%. Periods with missing concentration data during storm events were excluded from the data sets used for model performance evaluation.
Sensitivity of the Model to Crop Rotation
Land cover and land management are very sensitive data inputs in the SWAT model (Heathman et al., 2009 ) because they affect plant water uptake, nutrient and herbicide application rates, and residue cover. However, producers do not follow a specific rotation for reasons highlighted above, e.g., economic factors, changes in agricultural policy, or weather. In addition, the representation of specific rotations in the model, while keeping the correct crop distribution and tillage distribution throughout the watershed, would have increased the total number of HRUs. Thus, we favored crop distribution and tillage system over crop rotation.
The sensitivity of the model to crop rotation was investigated by simulating a hypothetical watershed that consisted of two identical HRUs. This hypothetical model was run twice for the 1993 to 2010 period. During the first run, one field was in continuous corn and the other one was in soybean. In the second run, both fields were in a corn-soybean rotation in opposite phases. Thus, each run featured the same amount of corn and soybean each year. Corn was assumed to be in a mulch tillage system and soybean in a no-till system. The slope of the HRU was 2.5%.
Sensitivity of the Model to Operation Scheduling
The model was calibrated while using the planting progress reports. The sensitivity of the SWAT model to the timing of field operations was investigated by comparing model results obtained when timing operations using heat units alone and in combination with planting progress reports. Data for the northeastern Missouri agricultural district for 1993 to 2010 were obtained directly from the Missouri office of the National Agricultural Statistics Service. Because crop reporters relay what has been planted, the resulting data integrate all the factors that operators face when scheduling field operations: weather, soil conditions, and labor. Annual simulated and measured transport of herbicides, sediment, and dissolved P were compared for statistical differences using the t-test at a = 0.05. Frequency distributions of simulated and measured daily herbicide transport during the vulnerable season, April to June, were developed and compared.
Effectiveness of Herbicide Application Practices
The model input files were modified to simulate a reduced herbicide application rate as well as incorporation following application. A 35% reduction in the application rate, or 1.46 kg ha −1 , was simulated and compared with the 2.25 kg ha −1 baseline rate. While the latter corresponds to the label rate, the lower rate represents an area-weighted rate used by the 18 producers surveyed in 2007.
Application methods included broadcast application alone or followed by tillage with one of three possible implements with increasing mixing depth and efficiency (Table 1) . Only the no-till mixing implement was considered for the no-till system. It incorporates 5% of the chemical within 2.5 cm of soil and was used to simulate the incorporation of atrazine by infiltration and diffusion. Given the significant mixing depth and efficiency of a field cultivator or disk, those would have to be limited to the interrow space or the herbicide application and its incorporation would have to be scheduled before planting to avoid damage to plants. However, the simulation gave us the ability to estimate the impact of incorporation by itself, without having to change its date, which would introduce other factors. Annual transport of herbicides with these different practices was compared for statistical differences using the t-test at a = 0.05. Transport of sediment was also assessed because it can be affected by tillage.
Results
Calibration-Validation Results
The complete list of parameters is quite long and is shown in Supplemental Table S3 in Supplement 2. The sensitivity analysis showed that, in addition to parameters that control surface runoff generation, parameters for snowmelt, groundwater, and flow routing were also important to consider during the calibration of flow. These results are consistent with the findings of O'Donnell (2010) using the SUFI-2 algorithm as programmed in the SWAT-CUP interface (Abbaspour et al., 2007) . Additional parameters were found to be sensitive for sediment, nutrients, and atrazine simulation. Among the sensitive parameters, some were determined using prior knowledge rather than being calibrated: the atrazine halflife was set at 15 d (Ghidey et al., 1997) , and the Universal Soil Loss Equation cover factors were defined according to prior determination of their values (Alberts et al., 1985) . Others were calibrated by adjusting their value manually one at a time. Calibration and validation results in terms of the performance criteria selected for the study are presented in Table 2 for flow, sediment, atrazine, and soluble P. (Calibration could not be achieved for NO 3 -N and NH 4 -N.) Daily flows at Weirs 9 and 11 during the whole monitoring period served as further validation that the model was performing spatially as well as temporally: r 2 and NSE at Weir 9 were both 0.69 for the period 1993 to April 1997; r 2 and NSE at Weir 11 were 0.74 and 0.67, respectively, for the period 1993 to May 2002, when it was taken out of service. The ratios of surface runoff to total flow were also well simulated: 0.80 for both simulated and measured flows at Weir 1 during the calibration period; 0.81 and 0.82 for measured and simulated flows, respectively, at Weir 1 during the validation period; 0.82 and 0.79 at Weir 9; and 0.84 and 0.80 at Weir 11. Groundwater flow was slightly overestimated at Weir 9 (bias = −22%) and surface runoff underestimated at Weir 11 (bias = 29%). Table 3 shows that on an annual average basis, yields for corn, soybean, and sorghum were well simulated during both the calibration and validation periods. For reasons we have not been able to identify and correct, wheat yields were overestimated by 62 and 29% in the calibration and validation periods. However, wheat represents only 2% of the total watershed area. Hay yields were reasonable at 4.4 and 4.8 Mg ha −1 during the calibration and validation periods, respectively, compared with average yields of 4.6 and 4.7 Mg ha −1 in Audrain County. Annual results showed that during years that produced average corn yields, those were well simulated. However, the model did not perform as well for the highest yields, i.e., >7 Mg ha −1 , or the extremely low yields during the drought years of 1999 and 2005. Soybean and sorghum yields were typically less variable than corn yields because of their lower sensitivity to available water.
Calibration and validation results met the performance criteria except for sediment during the validation period, mainly because of very high simulated sediment loads in 2002. That year was dry in general, with most of the precipitation occurring during three large events between 20 April and 10 May. For those three events, the simulated sediment load was two to three times that measured, possibly because of a discrepancy between field operations simulated in the model during that period. The timing of the planting and post-planting operations was controlled in the model by the planting progress report for the Missouri Northeast district, which indicated that 30% of the corn acres were planted in the region by 19 April and 15% more were planted during that rainy period. April and early May storms in Missouri can be fairly localized, and it is possible that weather allowed field operations in other parts of the Northeast Missouri agricultural district. In addition, tillage and fertilization operations take place before planting and were not affected by the planting progress reports. These three storms in the watershed would have prevented any field work during that period, given that soils require at least 1 wk after large events to dry to a moisture level that allows field work. If we remove 2002, performance indicators do meet the criteria at the monthly time step, with an r 2 and NSE of 0.74 and 0.65, respectively, and a bias of 35%. 
Losses by Land Use
Soil losses and nutrient contributions were tallied by crop and tillage system. Average annual losses calculated by the model at the HRU level and averaged spatially across the watershed are given in Table 4 . They are also compared with simulated area unit loads calculated at the outlet of the watershed. The significantly higher runoff from urban lawns and pastures, which were all simulated with cool-season grasses, are noticeable. While urban lawns were not fertilized in the model, pastures were simulated as though fertilized in the spring with 335 kg ha −1 of 17-17-17 (N-P 2 O 5 -K 2 O), which provides 57 and 25 kg ha −1 of N and P, respectively. They were also considered to have been grazed from March through November, in periods of 30 d with equivalent or longer resting periods in between, providing overall another 60 and 15 kg ha −1 of N and P, respectively. The resulting losses in soluble P from pastures were significant but within the range of published values (Butler et al., 2010) . While soluble P losses for cropland were lower than from grazed land, losses in sediment P (not shown), i.e., reactive P adsorbed to sediments, were higher, thus providing a source of P that can easily move into soluble P once in streams.
Comparisons between HRU and watershed unit area sediment loads indicated smaller contributions by the aggregated HRUs than transported out of the watershed, thus suggesting that stream bank erosion is a contributing factor, as was shown by Willett et al. (2012) . Soluble P and sediment P contributed by the HRUs were greater than the soluble P unit area load simulated at the watershed outlet, suggesting plant or algae uptake of available P or capture of P in stream sediment. The sediment-trapped P could then desorb, thus providing fairly constant stream P loads as described by Lerch et al. (2015a) . Table 5 shows the differences simulated by the model at the HRU level when simulating continuous crops or rotations. Differences in runoff and herbicide losses were negligible. As expected, sediment yields decreased when simulating a rotation (17% less) because of the lower probability of simultaneous heavy rain, tillage, and low residues when crops are alternated. Similarly, P losses were lower for rotations (22 and 9% less for mineral and organic P, respectively). Individual annual results for soybean and corn indicated that soybean plants, when part of a rotation, were able to use the residual P left after corn harvest. At the same time, N 2 fixation and nutrient uptake increased, leading to lower nutrient stress, higher crop yields, and lower nutrient losses.
Effects of Crop Rotations
These results are in contrast to the relative differences in sediment yields and nutrient losses that correspond to the different tillage systems represented in the watershed (Table  4) . Differences in sediment yield were larger, averaging 50% or more, between the mulch-tillage and no-till systems for soybean or between the conventional and mulch-tillage systems for corn. Differences in P loss among the tillage systems were also greater than those attributed to the rotation. These results further justify our decision to favor correct representation of the crop and tillage distribution in the watershed at the expense of crop rotation.
Effects of Operation Scheduling
Planting progress reports showed that in northeastern Missouri, the planting period can vary in actual dates and duration (Lerch et al., 2011; Sadler et al., 2014) , e.g., from 16 April to 25 June in 1995 compared with 3 April to 1 May in 2000. The output variable most sensitive to operation scheduling was atrazine transport because of the time-dependent decay of the herbicide. Results indicated that without planting progress records, average annual simulated atrazine losses were 76% higher than when planting progress reports were taken into account (Table 6 ). Annual differences, shown in Supplemental Table S4 in Supplement 2, varied from year to year, from very high in years with wet springs, which are challenging for completing field operations, e.g., 1995 and 1999, to very low during years where field operations could be completed at the expected time, e.g., 2000. The challenging springs are the reason poor simulation results were obtained when application dates were not linked to the planting progress reports, causing extremely high daily loads when in fact atrazine had not been applied because of excess soil moisture. As a result, calibration of the model without planting progress reports was not feasible; the coefficient of determination fell to 0.2 and the regression slope between measured and simulated values increased to almost 2.0. Cumulative frequency distributions of daily loads during April to June presented in Fig. 2 show significant occurrences of very high daily loads when no planting progress reports were used. Average annual variations for the other variables were not as high (Table 6 ): 1% on average annual runoff, 2% on average annual sediment yields, and 2% on average annual P loads, possibly because tillage and fertilizer applications were performed before planting and their timing was not affected by the planting progress reports. However, sediment and P transport differences were variable from year to year. Annual sediment yields simulated without planting progress reports were similar to those obtained with them in many years but occasionally ranged from half to twice their value (Supplemental Table S4 , Supplement 2). Variations for P transport were smaller.
Effectiveness of Herbicide Application Practices
Incorporation of atrazine was shown to have a significant impact on atrazine losses: soluble atrazine would be reduced by 2, 17, or 36% with a no-till tillage implement, a field cultivator, or a disk (Table 7) . These reductions, however, varied from year to year-from 9 to 25% with a field cultivator, for example, as shown by the annual values of simulated herbicide transport (Supplemental Table S5 , Supplement 2). Reductions were uniform at the HRU level temporally and spatially-27% when a field cultivator was used and about 1% when a no-till incorporation implement was used-and proportional to the mixing efficiency of the implement (30% for the field cultivator or 5% for the no-till implement). Given that the reductions at the HRU level were similar throughout the watershed, the annual variations at the watershed outlet can only result from the interaction of HRU herbicide loss and stream processes. The statistical paired t-tests on simulated annual transport values showed that, assuming no other changes in the watershed, a minimum of 6 yr would be necessary to detect a statistical reduction in herbicide transport from this practice.
Model results showed that the increase in sediment yields caused by an extra field cultivation following atrazine application would be very small, <1% on average for the period 1993 to 2010. Paired t-test results indicated that it would take >13 yr without any other change in the watershed for this increase to be attributed to this additional field cultivation. Impact on P losses was not significant.
Reducing atrazine application rates had a proportional effect on atrazine transport (Table 8 ). The reduction in the average annual loss (37%) was almost exactly the rate reduction (35%), with little interannual variation (Supplemental Table S6 , Supplement 2).
Discussion
Modeling as a Tool to Integrate Knowledge and Identify Gaps
The SWAT model presented here integrates the known topographic, climatic, hydrologic, and human factors that control the movement of water and agricultural pollutants in GCEW. The SWAT model worked well in many aspects, but it also had some weaknesses. As such, the model serves as an identifier of the knowledge gaps for simulating water movement and pollutant transport out of watersheds in the Central Claypan MLRA or in regions dominated by soils with a restrictive layer. We review here the aspects of the model that were satisfactory and provide some avenues that could help resolve some remaining issues.
The model was able to reproduce average annual crop yields for corn, soybean, sorghum, and hay. However, the low corn yields observed during drought years were all overestimated by the model. This poor simulation of extremely low yields may result from the algorithm used to simulate the root distribution as a function of soil depth and thus root access to soil water. Root density as a function of depth has a significant impact on crop yields for annual crops and thus on the water balance. As Myers et al. (2007) have shown, the conventional model of exponentially decreasing root density with depth does not hold up in claypan soils. The linear model incorporated in SWAT is not valid either, as they have shown that root density was greatest above the claypan, decreased in the claypan, and increased again in the horizon below the claypan. During dry conditions, the linear distribution provides much greater available water for plant growth than is accessible in reality. As scientists strive to balance production potential and environmental risk in watersheds, the ability to simulate the very low yields is critical to estimate the real agronomic risk that corresponds to extreme conditions.
Crop rotations are known to have beneficial environmental and agronomic impacts through better use of nutrients, decreased susceptibility to pests, or improvements to soil quality (Davis et al., 2012) by alternating crops that provide changing groundcover throughout the year, require varying tillage intensity, and produce fluctuating amounts of residues, with high-residue crops compensating for low-residue crops. The model was able to simulate some of these impacts at the landscape level, including better use of nutrients and benefits from crop residues. However, the incorporation of meaningful rotations in the model, while keeping an appropriate representation of the crop and tillage distribution, is challenging and we chose to give priority to the crop and tillage distribution because their effect was more important. Software tools, within or outside of the ArcSWAT interface, might help overcome this challenge.
Impact of the New Percolation Algorithm
The new percolation routines were critical in getting the correct water balance. Before using the effective hydraulic conductivity between two adjacent soil layers to control the downward movement of water, only the conductivity of the upper one was used. In the case of a soil profile with a restrictive clay layer, this resulted in a large amount of water getting into the clay layer. Once into that layer, it was percolating very slowly but, with time, was recharging the aquifer. This resulted in very little saturation of the surface layers and too much groundwater flow. The second modification concerned the redistribution of excess moisture to surface layers from anywhere in the soil profile instead of only from the bottom layer.
Along with these modifications, activating the crack flow feature of the model was critical. The very low permeability soil layer prevents water infiltration when saturated. During dry periods, cracks form and become a major flow path for water and pollutants (Baer and Anderson, 1997; Kazemi et al., 2008) . Runs conducted without this possible flow path led to insufficient recharge of the aquifer and too little base and return flow. Replacing the cracking potential by a slightly higher hydraulic conductivity in the claypan layer or a slightly lower curve number did not produce the high runoff and observed soil saturation during heavy storms. Crack flow combined with very low hydraulic conductivity in the claypan did. However, in the current version of the model, only water can move through these cracks and associated pollutants are not taken into account. Unfortunately, fall-applied fertilizers, e.g., before a wheat crop, are likely to be applied during dry weather when cracks are present and could be transported directly to lower layers of the profile through these cracks at the onset of the first fall rains.
Impact of Planting Progress Reports
Using planting progress reports in addition to heat unit indices had a major effect on herbicide transport and, to a lesser extent, on annual transport of sediment and nutrients. After land use and land management (Schilling et al., 2008) , the scheduling of field operations represents a major link between human activities in the watershed, the hydrology, and pollutant transport. Sadler et al. (2014) demonstrated its use in an index to establish the risk of atrazine transport. We showed here that it is possible to incorporate this information in a large simulation model such as SWAT. It is conceivable that several planting progress reports might be needed for a larger river basin.
The planting progress records incorporate factors that affect planting, which when taken into account, improve the simulation results. These factors impact the timing of field operations other than planting. However, in the absence of any information to define their timing, using planting progress reports and the heat unit index relative to the planting time is a practical solution to represent temporal and thus spatial heterogeneities in plant stage and the occurrence of post-planting field operations throughout a watershed.
In this case, the planting progress reports served as a good surrogate for atrazine application because atrazine was applied as a post-plant pre-emergence herbicide, the most common practice in this watershed. They had less impact on sediment and nutrient transport, possibly because tillage and fertilization occurred before planting. The scheduling of these operations was dependent on the heat unit index only and was not affected by the planting date. Other means of realistically scheduling field operations outside of the growing season are needed to accurately simulate sediment, herbicide, and nutrient movement. Improvements to this technique would include delaying a field operation when soil moisture is excessive for it to occur. Along similar lines, we know that precipitation forecast does affect field work. Expected precipitation may cause land managers to complete field work ahead of the rain. In some cases, the opposite is recommended as a best management practice, i.e., delaying herbicide application until after the rain. Scheduling a practice in the model conditionally to near-future rain being less than a threshold value would allow estimation of the impacts and practical implications of this recommendation.
Effectiveness of Herbicide Incorporation
Our results indicated an average 17% reduction in atrazine transport out of the watershed when atrazine was incorporated with a field cultivator rather than being left on the soil surface. This overall result corresponds to reductions of 27% in tilled HRUs and 2% in no-till HRUs, which are roughly proportional to the mixing efficiency (amount of residue or chemicals removed from the surface) of the field cultivator (30%) and of the no-till implement (5%). Ghidey et al. (2010) showed that edge-of-field herbicide losses in a cropping system where atrazine was incorporated by tillage were 50 to 70% less than those measured from a no-till cropping system. Similarly, Lerch et al. (2013) report 80 and 70% reductions in atrazine concentrations and loads, respectively, in runoff from bare plots following incorporation by two passes with a field cultivator after broadcast application. Factors that could explain the lower simulated reduction compared with these measured ones include the longer or shorter times between application and a rain event, as well as the intensity and duration of the precipitation event.
In addition, the mixing efficiency, a parameter defined in the SWAT tillage database, is based on estimates of residue amounts mixed into the ground . Not only may these coefficients be different for a liquid herbicide but they are affected by factors other than the implement itself, including the pass speed, residue type, clay content, and soil moisture (Guérif et al., 2001 ).
Summary and Conclusions
We have presented changes introduced in the SWAT model relative to percolation of water through the soil profile and scheduling field operations, modifications that were necessary to parameterize the model in GCEW, a watershed characteristic of the Central Claypan MLRA. The two changes described represent an attempt to better simulate water movement and pollutant transport in watersheds characterized by soils with a restrictive layer in the profile and by spatial and temporal variations in the timing of field operations. With these modifications, the model was successfully calibrated and validated at the daily time step for flow and at the monthly time step for atrazine, sediment, and dissolved P loss. This study confirmed that knowledge of herbicide application dates is critical to correctly simulate herbicide losses in a watershed and that the planting progress report is an appropriate surrogate for these factors. We successfully integrated the use of these reports in the SWAT model to control crop planting dates throughout the watershed. This allowed calibration of the model for herbicide loss simulation. It also had an impact on sediment and P losses, but this impact was not as critical for calibration. Prediction of the spatial and temporal distribution of field operations outside of the periods or regions covered by planting progress reports would require the definition of an algorithm that integrates labor, soil moisture, and precipitation constraints.
The model was then used to simulate the impacts of reducing herbicide application rates by 35% and incorporating the herbicide after application. Reducing atrazine application rates also produced significant reductions in atrazine loads at the outlet of the watershed. Incorporating atrazine after application reduced atrazine transport out of the watershed. The reduction was proportional to the intensity of the tillage operation used to incorporate the chemical. The resulting atrazine load reductions at the watershed outlet varied from year to year and were generally less than simulated at the HRU level. The HRU simulated atrazine losses were also less than measured during limited experiments. Model results indicated that incorporating a post-planting applied herbicide did not have significant effects on sediment and P yields.
Supplemental Material
Two supplemental files are associated with this article. Finally, we will provide, on request, the code described here for the modified percolation routines and the temporal and spatial distribution of field operations throughout the watershed.
